Processive chromosomal replication relies on sliding DNA clamps, which are loaded onto DNA by pentameric clamp loader complexes belonging to the AAA+ family of adenosine triphosphatases (ATPases). We present structures for the ATP-bound state of the clamp loader complex from bacteriophage T4, bound to an open clamp and primer-template DNA. The clamp loader traps a spiral conformation of the open clamp so that both the loader and the clamp match the helical symmetry of DNA. One structure reveals that ATP has been hydrolyzed in one subunit and suggests that clamp closure and ejection of the loader involves disruption of the ATP-dependent match in symmetry. The structures explain how synergy among the loader, the clamp, and DNA can trigger ATP hydrolysis and release of the closed clamp on DNA.
C hromosomal DNA replication relies on multiprotein replicases that copy DNA with high speed and processivity (1, 2) . The polymerase subunits of the replicase are tethered to ring-shaped sliding clamps that encircle DNA, allowing the polymerase to bind and release DNA repeatedly without dissociating from the progressing replication fork. All replicases use a conserved sliding clamp mechanism for processivity (3) (4) (5) (6) , even though the bacterial and eukaryotic replicative polymerases have evolved independently (7, 8) . Sliding clamps are also used for scanning DNA in several DNA repair processes (9) .
Sliding clamps cannot load onto DNA spontaneously because they are closed circles (5, 10, 11) (Fig. 1A) . Instead, adenosine triphosphate (ATP)-dependent complexes known as clamp loaders open the sliding clamps and load them onto primed DNA in the correct orientation for productive engagement of the polymerase [the clamp loaders are the g/t complex in bacteria, replication factor-C (RFC) in eukaryotes and archaea, and gp44/62 in T4 bacteriophage (Fig. 1B) ]. Clamp loaders are members of the AAA+ superfamily of adenosine triphosphatases (ATPases), a diverse group of oligomeric ATPases whose functions include motor and helicase activity and the ability to disassemble protein complexes (12, 13) . In contrast to typical AAA+ ATPases, all clamp loader complexes are pentameric rather than hexameric. The lack of the sixth subunit in the clamp loader creates a gap in the assembly that is essential for the specific recognition of primertemplate junctions (14, 15) . The five subunits of the clamp loader are designated A, B, C, D, and E and are identified in Fig. 1B .
Each clamp loader subunit consists of three domains that are conserved in structure (14, (16) (17) (18) (19) . The first two of these domains form a AAA+ ATPase module, and five of these modules are brought together in intact clamp loaders such that ATP can be bound at interfacial sites (14) (Fig. 1B) . The third conserved domain in each subunit is integrated into a circular collar that holds the assembly together in the absence of ATP.
A key role for ATP in the mechanism of clamp loaders is to trigger the formation of a spiral arrangement of AAA+ modules, leading to the recognition of duplex DNAwithin the interior of the spiral (14) (15) (16) . Biochemical data demonstrate that ATP binding also enables the clamp loader to bind to and open the sliding clamp (20) and that the binding of DNA triggers ATP hydrolysis and release of the closed clamp on DNA (21, 22) . A molecular understanding of the mechanism that integrates clamp opening with its loading onto DNA is lacking because none of the structures of clamp loaders that have been determined so far include all four components of the active complex: the clamp loader, ATP, primertemplate DNA, and the clamp. We now report structures of a clamp loader complex from bacteriophage T4 in which all of these components are present.
Organization of the T4 clamp loader complex. We crystallized the T4 bacteriophage clamp loader bound to an ATP analog, primer-template DNA and the sliding clamp. The T4 replicase has served as a key model system in studies of DNA replication (1, 23) , but the T4 clamp loader had not been characterized structurally. We determined structures from three distinct crystal forms, to resolutions of 3.5 Å (form I), 3.3 Å (form II), and 3.2 Å (form III), respectively (table S1). The T4 clamp consists of three copies of the gp45 protein (24) . The general organization of the T4 clamp loader is similar to that of its bacterial and eukaryotic counterparts; it consists of one copy of the gp62 protein, located at the A position, and four copies of the gp44 protein (24) , located at the B, C, D, and E positions ( Fig. 2A) .
The structure of gp44 is similar to that of a canonical clamp loader subunit, with a fully configured ATP binding site. The A subunit of the T4 clamp loader, gp62, is smaller than a canonical subunit (21 kD, versus 36 kD for gp44) because it lacks a AAA+ module, but the structure indicates that it is a minimal version of its eukaryotic homolog ( Fig. 2A) (supporting online text). The A subunit has a collar domain, with a C-terminal extension, referred to as the Ad omain, that has the same fold topology as the corresponding domain in the RFC-A subunit (14) (fig. S1 ). The A´domain bridges the gap between the A and E subunits to interact with the ATPase site of the E subunit, as seen in RFC (14) . The structure of the T4 clamp loader complex resembles the general shape of a low-resolution electron microscopic reconstruction of an archaeal RFC bound to DNA and an open clamp (25) (fig.  S2 ). Finally, although the AAA+ module has been replaced by a pair of helices in gp62, a flexible tether extending from these helices docks onto the clamp at the same site at which the RFC-A subunit docks onto PCNA (14) . plexes of crystal form I, but crystal lattice contacts result in partial disengagement of the clamp loader from the clamp in the complex with a closed clamp.
The opening of the clamp involves a switch from the closed planar ring-like structure (6) to an open right-handed lock washer shape. Extensive interactions between the surface of the sliding clamp and the undersurface of the clamp loader (the region distal to the collar domains) buries a total of~7200 Å 2 of surface area and holds the clamp open (Fig. 2B) . The clamp has three subunits (I, II, and III, defined in Fig. 1A) , with each subunit consisting of two domains with similar structure (3, 6) . The N-and C-terminal domains of subunits I, II, and III are numbered 1 and 2, 3 and 4, and 5 and 6, respectively (Fig. 1A) . These are arranged in head-to-tail fashion in the order 2-1-4-3-6-5, with domains 2 and 1 interacting with subunits A and B, respectively, of the clamp loader, and ending with domain 5 interacting with the A´domain. The opening is due to breakage of the interface between domain 2 (beneath the A position of the clamp loader) and domain 5 (beneath the E subunit and the A´domain).
How the clamp opens can be appreciated by using the double-helical DNA within the clamp as a reference. In the complex with the closed clamp, the clamp loader positions the DNA so that its helical axis is aligned with the central axis of rotational symmetry of the clamp (Fig. 2C) . The closed clamp makes limited contact with the DNA, mainly through ion-pairing interactions between arginine side chains in the central pore of the clamp and phosphate groups of DNA. This centered alignment of DNA within the closed clamp is distinct from the tipped orientation seen in crystal structures of DNA and clamps in isolation (26, 27) .
The open clamp adopts a spiral that matches the helical geometry of DNA, with the helices that line the inner surface of the clamp tracking the minor groove of DNA, but with limited contact. Each subunit of the clamp is related to the adjacent one by rotations about axes that are aligned with the helical axis of DNA. The lateral opening of the clamp results in the clamp domains nearest the opening (domains 2 and 5) moving away from the DNA (Fig. 2D) .
Clamp opening results from the twisting of individual domains with respect to adjacent domains (Fig. 2E) . The distortions are greatest at the region opposite the gap, with the largest overall change (a~13°twist) between domains 3 and 4. Distortions at this site provide the greatest leverage for clamp opening.
Our structures allow us to address the mechanism by which primer-template DNA enters the central chamber of the open clamp-clamp loader complex. The opening of the clamp arises from an in-plane movement of~9 Å and an outof-plane movement of~23 Å. The resulting~9 Å gap between domains 2 and 5 in the open clamp is not wide enough to allow an extended doublehelical segment to pass through (Fig. 2D) . The extent of clamp opening seen in the crystal structure is likely to be close to that of the clampclamp loader complex prior to DNA binding because of extensive interactions between each of the five clamp loader subunits and the clamp, with the bound ATP stabilizing this conformation (see below). This is consistent with Förster resonance energy transfer (FRET) measurements of the extent of opening in the yeast clamp, which suggest that the gap in the open clamp-clamp loader complex constricts by only~1 Å upon DNA binding (28) . The clamp loader has a small gap between the A and A´domains, which also narrows the portal into the interior chamber of the clamp loader.
Single-stranded DNA can pass through the gap between domains 2 and 5, with the primertemplate duplex sliding into the interior chamber The clamp loader has six major points of contact with the open clamp: one each involving the B, C, D, and E subunits (gp44), and two separate interactions made by the A subunit (gp62) (Fig. 2B and fig. S5 ). Three of these contacts involve the canonical mechanism used by diverse proteins to engage sliding clamps, in which the docking sites on the clamp are each located within a single subunit, at the interface between the two domains that comprise the subunit (the A, C, and E subunits of the clamp loader dock in this way). The other three docking sites in the clamp are structurally analogous to the first three, but are located at the interfaces between different clamp subunits rather than within a single subunit. The B and D subunits of the clamp loader dock onto the two closed subunit interfaces of the clamp, while the A´domain docks onto the edge of subunit III, next to the broken interface in the clamp. In this way, all of the binding sites on the clamp are satisfied by the clamp loader (Fig. 2B) .
Bacterial clamp loaders do not have a domain corresponding to the A´domain of the T4 and RFC clamp loaders. This difference may reflect the decreased stability of the trimeric PCNA and T4 clamps relative to the dimeric bacterial clamps (29) . The bridging interaction made by the T4 and RFC clamp loaders may be necessary to prevent dissociation of subunit III when the trimeric clamps are opened.
A-form DNA is recognized by the clamp loader spiral. The interaction between the primertemplate junction and the clamp loader is very similar to that defined earlier for the Escherichia coli clamp loader (15) . The duplex region lies within the inner chamber of the clamp loader, which orients it to thread through the central pore of the clamp. The closest contacts between clamp loader and DNA duplex are with the template strand ( Fig. 3A and fig. S6A ), thus accommodating both RNA and DNA primers. Primertemplate junctions have the 3′ end of the primer strand located at the double strand-single strand junction. Specificity for this DNA structure arises from blockage of the 3′ end of the primer strand by the B subunit collar, and the binding of the template strand to an exit channel located in the gap between the A and A´domains (fig. S6B ). The clamp loader induces the template strand within the central chamber to switch from B-form to nearly A-form, resulting in a widening of the minor groove to accommodate loops from the AAA+ modules ( fig. S6, C and D) . Although the resolution of our analysis precludes unambiguous definition of the sugar conformation, the positioning of the 3′ and 5′ phosphate groups with respect to the sugar is consistent with the C3′-endo sugar pucker associated with A-form DNA or RNA. The DNA conformation is consistent with the natural RNA-DNA substrates of the clamp loader, which are known to be A-form (30) .
The AAA+ modules form a symmetric spiral. As in other AAA+ ATPases, the key to clamp loader function is the interfacial coordination of ATP bound to one subunit by residues presented by an adjacent subunit, most prominently an invariant "arginine finger" (31, 32) . Adenosine diphosphate (ADP)-BeF 3 ligands can be identified clearly at the B, C, and D subunits of the T4 clamp loader ( fig. S7) , with interfacial coordination of the BeF 3 moiety, corresponding to the g-phosphate of ATP, by the conserved arginine finger side chains (Arg 151 in gp44; Fig.  3B ). The A´domain does not present an arginine finger to the nucleotide bound to the E subunit, and electron density features are consistent with the presence of ADP in the E subunit. We therefore define the fully ATP-loaded form of the T4 clamp loader to have ATP in the B, C, and D subunits, with either ADP or ATP in the E subunit.
In the ATP-bound state, the clamp binding motifs from the four AAA+ modules and the A subunit are arranged such that they match the periodicity of docking sites in the clamp (Fig. 2B  and 3B ). This is because the binding of DNA by the clamp loader induces a symmetric spiral arrangement of the AAA+ modules that matches the helicity of DNA (Fig. 3A) (15) . In the T4 clamp loader, each AAA+ module rotates about the helical axis of the primer-template DNA bỹ 60°, with a helical rise of~8 Å, and binds 2. with DNA suggest that the binding and hydrolysis of ATP will be cooperative in the presence of DNA. Conversely, the AAA+ modules of the clamp loader might also disengage from each other cooperatively upon ATP hydrolysis, promoting the dissociation of the clamp loader from DNA despite its interactions with DNA and the clamp. Indeed, we show that binding of the ATP analog ADP-BeF x to the T4 clamp loader is cooperative in the presence of DNA (Fig. 3C and  supporting online text) . Additionally, the rate of ATP hydrolysis by the T4 clamp and clamp loader is cooperative with respect to ATP concentration in the presence of primer-template DNA, but not in its absence (33) . The lack of cooperativity in the absence of DNA is consistent with the structure, because of the obvious coupling between different ATP binding sites provided by the DNA. Therefore, primer-template DNA induces the cooperative assembly of the clampclamp loader complex, and conversely triggers its cooperative disassembly (see below).
Structural consequences of ATP hydrolysis at one site in the complex. We determined a structure of the T4 clamp loader and clamp bound to DNA at 3.2 Å resolution from a third crystal form (form III) (table S1), which corresponds to a state in which the B subunit has hydrolyzed ATP. These crystals were formed with ADP-BeF x as before, but with DNA containing a 10-bp duplex with a 10-nucleotide template overhang. The duplex region is bound exclusively within the clamp loader. The clamp is closed in this structure, with ADP-BeF 3 bound only to subunits C and D (compare Fig. 4A with Fig. 4B ). Electron density at the nucleotide binding site in subunit B indicates that only ADP is bound at this site ( fig. S9A) .
The structure reveals a conformational change in the clamp loader in which the B subunit AAA+ module moves away from the C subunit by~7 Å, toward the gap between the A and Ad omains, thereby partially disengaging from the template strand and the clamp (Fig. 4, C and D) . The N-terminal domain of the A subunit is tightly anchored to the B subunit through hydrophobic contacts and therefore these two domains do not change their relative position. The A subunit also remains docked to the clamp because of flexibility in the docking segment. The contacts made by the C, D, and E subunits to the clamp and to each other in the AAA+ spiral are also largely maintained. Thus, the conformational change in B is correlated with closure of the clamp, consistent with studies indicating that a single ATP hydrolysis event is sufficient to close the clamp (34) .
ATP hydrolysis in the B subunit alters the structure of the AAA+ module such that domain II collapses onto domain I, rotating~15°about an axis running through the vacated site for the g-phosphate of ATP. The new conformation of domain II in the B subunit is incompatible with the symmetric spiral of AAA+ modules because of steric clash with domain I of the C subunit (Fig. 4C) . Comparison of the T4 clamp loader with other AAA+ ATPases (35, 36) shows that collapse of domain II in response to ATP hydrolysis is a conserved feature of this family ( fig. S10) .
We propose that hydrolysis of ATP initiates at the B site. This induces a conformational change in the clamp loader with minimal disruption of the contacts to the clamp and the DNA. The B subunit releases from the template strand upon ATP hydrolysis, and when the T4 clamp loader is bound to its natural target (a 5-bp RNA-DNA primer) the template strand interacting with the B subunit is single-stranded and is more likely to disengage because of flexibility. The movement of the B subunit provides room for the release of the C subunit from D. The ability of B to move away from C readily will also promote ATP hydrolysis at B by enabling release of the phosphate ion, which would otherwise be trapped within the buried interfacial sites. Initiation of hydrolysis at the B site is also suggested by comparison to F 1 -ATPase, in which the opening of one nucleotide-binding site provides direction to the ATPase cycle (37, 38) . As ATP hydrolysis continues up the AAA+ spiral, the symmetry matching of the clamp loader with the DNA and clamp is broken progressively, leading to dissociation of the clamp loader.
Stimulation of ATP hydrolysis by DNA. Clamp loader ATPase activity is stimulated by binding of primer-template DNA (21) , but the mechanism of activation is unclear. We note a striking DNA-dependent rearrangement of a conserved DNA binding residue that affects the conformation of a catalytic glutamate in the conserved Walker B motif. In the absence of DNA, as seen in the yeast clamp-clamp loader structure (14) , the backbone of the catalytic glutamate (Glu 425 in yeast RFC-A) in the Walker B motif is held in an inactive conformation by a conserved basic residue (the "switch" residue; e.g., Arg 383 in RFC-A; fig. S11A ). Conversely, in the structure of the T4 clamp loader bound to DNA, the switch residue (Lys 80 in gp44) is not in the interior of the protein, but instead interacts directly with the phosphate backbone of the template strand ( fig. S11B ). This releases the carbonyls of the Walker B motif to adopt an alternate hydrogen-bonding pattern and the glutamate acquires an active conformation.
We propose that electrostatic repulsion generated by positively charged residues and helix dipoles at the DNA binding interface favors the inward movement of the switch residue in the absence of DNA (Fig. 5) . The DNA-dependent flipping of the switch residue appears to be conserved, even in the more distantly related bacterial clamp loaders. In the structure of E. coli clamp loader bound to primer-template DNA, the switch residue in the B, C, and D subunits (Lys 100 in E. coli g subunit) makes direct contact with the DNA phosphate backbone (fig. S11 , C and D) (15) . In the absence of DNA, this residue is buried in the interior of the AAA+ modules (16) .
We suggest that DNA binding to the clamp loader has two effects that favor ATP hydrolysis: (i) stabilization of the symmetric AAA+ spiral and placement of the arginine fingers at the neighboring active sites (15) , and (ii) flipping of the allosteric switch that couples DNA binding to the Walker B motif. Reexamination of mutational data for the E. coli clamp loader (39) provides experimental evidence for this allosteric switch. When the switch residue is mutated to glutamate, which is expected to favor the active conformation of the catalytic glutamate in the Walker B motif, the basal ATPase activity of the clamp loader increases by~50%. Mutation of nearby Arg 88 to glutamate, which we also expect to flip out the switch residue via electrostatic attraction, increases the basal ATPase rate by nearly a factor of 2. Mutations farther from the switch residue do not change the basal ATPase rate.
Conclusions. Our analysis provides a detailed molecular mechanism for how clamp loaders couple ATP binding and release to the loading of sliding clamps onto DNA (Fig. 6) . Clamp loaders use the helical symmetry of DNA to recognize primer-template junctions and to complete the formation of catalytically competent ATPase active sites. Thus, recognition of the DNA target by a clamp-clamp loader complex triggers the disassembly of the loader complex and the release of the closed clamp on DNA. As shown previously for the E. coli clamp loader complex bound to DNA (15) , the AAA+ modules of the ATP-loaded clamp loader are organized symmetrically, so that they match the geometry of the double helix. Our structures of the T4 clamp loader now show that the sliding clamp also adopts an open spiral structure that matches the geometry of DNA, thereby allowing a stable interaction with the ATP-bound clamp loader.
The T4 sliding clamp is highly dynamic (40) and is likely to convert between open and closed forms spontaneously. The principal function of the T4 clamp loader is likely to trap the open form of the clamp and load it onto primertemplate DNA in the correct orientation for productive coupling to the polymerase. In other systems, the clamp loader may also play an active role in opening the closed clamp. The bacterial clamps, for example, are very stable and likely to be closed unless opened actively. The A subunit (d) of the bacterial clamp loader induces a conformational change in the sliding clamp that opens it (22, 41) , which may be a required first step in the clamp loader process. Despite these differences in the nature of the initial encounter, the structural elements of the integrated interfaces between the AAA+ modules of the clamp loader and the DNA double helix are virtually superimposable between the E. coli and T4 structures. This structural conservation indicates that the clamp-loading mechanism has remained essentially unchanged since the dawn of the DNA world.
Our structures provide an unprecedented view of a AAA+ machine bound to two macromolecular substrates-the sliding clamp and DNA-thereby revealing how the binding and hydrolysis of ATP is coordinated by templating the structure of the protein assemblies on the DNA double helix. A common aspect to all AAA+ ATPases appears to be the generation of a helical displacement between adjacent subunits that have ATP bound between them. In the functional states of hexameric motor proteins and helicases, a symmetric helical arrangement of the AAA+ modules is interrupted because not all of the subunits in the assembly bind ATP simultaneously (42, 43) . In the case of clamp loaders, the cooperative binding of ATP to all functional sites leads to coordinated ATP hydrolysis and disassembly of the complex from the macromolecular substrates, which is a key aspect to the function of clamp loaders as molecular matchmakers (44 
